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Abstract 
This paper presents a study on the burning of oil palm empty fruit bunch and palm kernel shell in a fluidized-bed 
combustor using alumina sand as the bed material to prevent bed agglomeration. During 60-h combustion testing, the 
biomasses were burned at similar heat input to the combustor (200 kWth) with excess air of 40%. SEM/EDS analyses 
were performed to investigate the time-domain changes in the alumina grain morphology and elemental composition 
of the grain coating. Composition of the used/reused bed material and that of PM emitted from the combustor were 
determined by a XRF method at different operating times. No features of bed agglomeration were found during the 
entire tests. However, physical and chemical properties of the bed material underwent substantial changes with time. 
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1. Introduction 
In Thailand, empty fruit bunch (EFB) and palm kernel shell (PKS) are important biomass residues 
from production of palm oil, both exhibiting great potential as a feedstock for heat and power generation. 
In the year 2013, the domestic energy potential of the these biomass residues accounted for 95 PJ [1]. 
Though the fluidized-bed combustion technology has been regarded as the most suitable technology 
for energy conversion from various biomasses, bed agglomeration is extensively reported to be a major 
operational problem often occurred when burning high alkali biomasses in a fluidized bed of silica/quartz 
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sand, basically used in fluidized-bed combustion (FBC) systems as bed material [2]. As reported in 
pioneering studies on fluidized-bed combustion of EFB and PKS, these oil palm residues, containing a 
considerable proportion of potassium, exhibit a strong tendency to bed agglomeration and display fast bed 
defluidization [3]. So, this ash-related problem is a major obstacle for a wide utilization of EFB and PKS 
as biomass fuels in FBC systems using the conventional bed material.  
Two types of bed agglomeration have been reported in related studies on FBC of biomass using 
silica/quartz sand as bed material: (1) coating-induced agglomeration and (2) melt-induced agglomeration 
[4]. Coating-induced agglomeration is related to formation of a sticky layer (termed coating), as a result 
of interaction of ash-derived vapors of alkali salts and SiO2 on a surface of bed (silica grain) particles, 
causing eventually agglomeration of the grains, i.e., large-size agglomerates loosing their capability to 
fluidize [5,6]. However, in melt-induced agglomeration, ash-derived highly viscous melts (due to 
potassium, with relatively low melting points) are treated to be the main driving force of the agglomerates 
formation, when partly molten fuel char/ash particles in a contact with silica grains cause the high 
adhesiveness of the bed particles, resulting eventually in the formation of large-size bed agglomerates 
[7,8]. To prevent bed agglomeration, some alternative bed materials, such as alumina, dolomite, and 
limestone, can be employed when firing biomass fuels with elevated/high potassium content [9]. 
The main focus of this study was to investigate the feasibility of using alumina sand as the bed material 
in a conical fluidized-bed combustor for safe combustion of EFB and PKS with the aims: (1) to assess a 
capability of alumina sand to withstand bed agglomeration in a long-term combustor operation, and (2) to 
understand the mechanisms of interaction between the alumina grains and biomass ash particles. 
2. Materials and Methods 
2.1. The fuels and the bed material 
Table 1 shows the major properties of EFB and PKS. Both biomasses are seen to have a significant 
amount of volatile matter, a moderate proportion of fixed carbon, and low contents of moisture and ash.  
The composition of fuel ash of the two oil palm residues is given in Table 2. It can be seen in Table 2 
that potassium, silicon, and calcium were major elements in the EFB ash, whereas silicon, calcium, and 
potassium were predominant in the PKS ash. Significant (in EFB ash) or elevated (in PKS ash) content of 
K2O can indicate a high propensity to bed agglomeration that would occur during the combustion of these 
biomasses in a fluidize bed of silica sand. Apart from this, EFB contained a noticeable amount of chlorine 
in its ash, which likely accelerates the process of bed agglomeration [8]. 
 Table 2. Composition of ash in EFB and PKS 
Fuel 
Composition (as oxides, wt.%): 
SiO2 Al2O3 K2O CaO Na2O MgO Fe2O3 P2O5 Cl 
Empty fruit bunch 26.21 3.11 47.21 12.54 0.36 3.24 3.21 1.21 2.54 
Palm kernel shell 54.12 3.11 8.12 23.21 0.81 2.65 6.14 1.15 0.2 
Table 1. Ultimate and proximate analyses and lower heating value of EFB and PKS 
Fuel Ultimate analysis (wt.%):  Proximate analysis (wt.%): LHV 
(kJ/kg) C H N O S W VM FC A 
Empty fruit bunch a 48.20 6.49 0.47 31.74 0.10 8.2 74.2 12.8 4.8 18,400 
Palm kernel shell b 48.06 6.38 1.27 34.1 0.09 5.4 71.1 18.8 4.7 16,300 
a On pre-dried basis 
b On as-received basis 
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Alumina sand, consisting mainly of 87.18 wt.% Al2O3 and 12.29 wt.% SiO2, with a solid density of 
3500 kg/m3 and a mean particle size of 0.45 mm was used as the bed material to avoid bed agglomeration. 
2.2. Methods for combustion tests 
The combustion tests were performed on a fluidized-bed combustor with a cone-shaped bed for 60 h. 
The reactor's design and geometrical details have been described in some previous studies [9,10]. The 
combustor consisted of a conical section with 40° cone angle and 0.25 m inner diameter at the bottom 
plane, and a cylindrical section of 0.9 m inner diameter and 2.5 m height.  
To ensure identical heat input to the combustor (a200 kWth), EFB and PKS were burned at 40 kg/h and 
45 kg/h, respectively, while the amount of excess air was fixed at 40%. Under these operating conditions, 
the combustor was expected to operate in the turbulent fluidized-bed regime regardless the fuel type [9]. 
Stationary thermocouples (of type K) were employed to control bed temperature with respect to time. 
The bed temperature was treated as an average over temperatures measured at 0.25 m, 0.60 m, and 1.05 m 
above the air distributor (arranged at the bottom of the conical section). To monitor a hydrodynamic 
stability of the bed, a U-tube manometer was used to measure the pressure drop across the bed.  
2.3. Analytical methods for the bed material and PM samples 
In a test series for a given fuel, the used/reused bed materials, as well as the particulate matter (PM) 
originated from the combustion of EFB/PKS, were sampled at three operating times (20 h, 40 h, and 60 h) 
and analyzed for the chemical composition using an X-ray fluorescence (XRF) technique, with the aim to 
investigate the time-domain changes in the composition of the bed material and PM.  
Apart from this, for each time instant, a selected bed particle (alumina grain) was examined using a 
scanning electron microscope (SEM) integrated with an energy dispersive X-ray spectrometer (EDS) to 
quantify the changes in the morphology and elemental composition of a coating layer on the grain surface 
for the two fuels. To understand the mechanisms of an interaction between the bed material and fuel 
ashes, the EDS analysis was performed at different points on a transverse section of the selected grains. 
3. Results and Discussion 
3.1. Time-domain behavior of the bed temperature  
Fig. 1 shows the time-domain profiles of the bed temperature and the pressure drop across the bed 
when burning EFB/PKS at EA = 40% during the long-tem experiments. As seen in Fig. 1, all the profiles 
exhibited the persistent fluctuations with relatively uniform amplitude for the entire test period. This 
evidence can be attributed to a rather smooth fluidization of the alumina bed, thus indicating a normal 
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Fig. 1. The bed characteristics for burning EFB (left graph) and PKS (right graph) at EA = 40% during the entire test period 
868   Pichet Ninduangdee and Vladimir I. Kuprianov /  Energy Procedia  79 ( 2015 )  865 – 870 
operation of the combustor, i.e., with no bed agglomeration during all experiments. Note that, unlike with 
LHV of the fuels, the bed temperature for firing EFB was notably lower than that when burning PKS. 
Such a result can be explained by an elevated carryover of “light” EFB char particles from the bottom 
region into the reactor freeboard, thus diminishing the heat release in the vicinity of the fuel injection.  
3.2. Morphology of the bed materials  
As found by visual inspections, at intermediate time instants (20 h and 40 h) and after finishing of the 
entire 60-h testing for burning EFB/PKS, no occurred in the bed material. The bed material exhibited a 
normal appearance and ability to fluidize, i.e., a potential to be reused in further combustor operations. 
Fig. 2 depicts the SEM images of cross-sectional views of the alumina grains from the combustion of 
EFB and PKS at different time instants of the combustor operation. Although alumina does not react with 
alkali metal compounds vaporized from the fuel ash, an occurrence of ash deposition, (termed “coating”), 
on the bed grains was clearly observed. This coating was likely formed via deposition of adhesive fine 
char/ash particles with K-rich melts (basically characterized by relatively low melting points) "erupted" 
on their outer surface [2,3]. However, with the operating time, the coating morphology underwent 
significant changes, especially when firing high-alkali EFB, as seen in Fig. 2. At fixed time instant, the 
coating on the alumina grains surface for firing EFB had a greater thickness than that for PKS.   
Fig. 3 shows the elemental (EDS) composition of the coating at the selected points on the alumina 
grain surface (indicated in Fig. 2) after the combustion tests for burning EFB/PKS at different operating 
times. For the two fuels, the coating contained three major elements (Si, K, and Ca), followed by minor 
Al, Fe, and Mg, and traces of Cl, P, and Na. The content of these elements in the EDS composition turned 
out to be in an apparent correlation with those in the composition of the two fuels, however with some 
differences. The content of potassium in the primary layer of a coating (indicating an extent of coating 
adhesiveness) for burning EFB is of a few time greater than that for PKS, and this may likely explain a 
higher rate of the coating growth. Fine ash particles from the fluidized bed were then absorbed by the 
primary coating layer, which (on the next stage) made the coating to be enriched with other major ash 
elements. A random deposition of fine ashes from the bed (with the reduced potassium content) on the 
grain surfaces resulted in the coating composition to be correlated with the one of the fuel ash. 
       
 
       
 
Fig. 2. SEM images of bed particles used/reused for firing EFB (upper) and PKS (lower) after 20 h, 40 h, and 60 h 
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With the operating time, some elements (Al, Ca, Mg, and Fe) resisting bed agglomeration showed a 
notable increase, especially in the outermost coating layer, whereas K and Si showed a reverse trend. As a 
result, a coating layer containing compounds with high melting points (over the bed temperature) formed 
an outer coating layer mitigating not only bed agglomeration but also the coating growth. 
3.3. Long-term changes in the composition of the bed material and PM 
Table 3 shows the composition of the bed materials used/reused during the combustion tests and that 
of the PM originated from the combustion of the selected biomasses for different operating times. The 
results in Table 3 point at the substantial mutual impacts of the bed material and fuel ashes in the bottom 
part of the combustor. Due to the coating of the bed particles, most of ash-related components (SiO2, 
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Fig. 3 EDS spot analysis of alumina particles used/reused for firing EFB (upper) and PKS (lower) after 20 h, 40 h, and 60 h. 
Table 3. Composition of the bed material used/reused in the conical FBC and that of PM originated from the combustion of EFB 
and PKS at different time instants of combustor operation 
Sample 
  Operating  
   time (h) 
Composition (wt.%) 
Al2O3 SiO2 K2O CaO MgO Fe2O3 Na2O P2O5 Cl 
Bed samples 
from the tests 
with EFB 
 
20 57.59 26.26 4.70 4.05 1.84 1.35 0.34 1.45 0.23 
40 48.90 25.30 9.30 9.00 2.18 1.89 0.36 1.79 0.10 
60 42.00 30.50 10.90 12.00 1.60 1.50 0.10 1.00 0.10 
Bed samples 
from the tests 
with PKS 
 
20 60.42 31.24 4.25 2.66 0.61 0.33 0.33 0.13 - 
40 50.00 33.00 4.10 10.00 1.72 0.44 0.36 0.22 - 
60 47.70 31.70 3.20 14.10 2.00 0.61 0.48 0.10 - 
PM originated 
from the tests 
with EFB 
 
20 7.72 19.03 43.75 10.94 3.43 4.75 1.12 2.22 1.84 
40 7.40 19.70 40.40 10.60 3.23 5.70 1.00 2.64 2.00 
60 6.30 23.50 40.50 10.50 3.23 5.08 1.40 2.64 2.10 
PM originated 
from the tests 
with PKS 
 
20 8.56 52.65 5.32 22.32 2.13 2.15 0.52 1.33 - 
40 6.50 52.66 6.23 24.80 2.90 3.70 0.66 1.37 0.10 
60 6.30 53.19 7.23 23.65 2.20 5.10 0.66 1.37 - 
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CaO, MgO, and K2O) showed a significant increase of their contents in the bed materials after 20 h of the 
combustor operation for both fuel options, and the accumulation of these compounds in the reused bed 
materials continued with the operating time, however to different extents. It can be suggested that the 
attrition of bed material particles (both original and coated) led to the generation of fine aluminum-
bearing particles in the fluidized bed and their further carryover from the bed region as a part of PM. Due 
to both the ash accumulation in the bed and the bed particles attrition, Al2O3 in the bed materials for the 
oil palm residues exhibited a substantial decrease, almost by 60 % over the entire experimental period, 
whereas Al2O3 in the fly ash noticeably increased compared to that in the fuel ash. The time-domain 
decrease of Al2O3 accompanied by an increase of SiO2 and other ash-related elements in the bed materials 
indicated the gradual diminishing of the capability of the alumina bed to withstand bed agglomeration. 
4. Conclusions 
By using alumina sand as the bed material, bed agglomeration can be prevented when burning oil palm 
empty fruit bunch and palm kernel shell (with high/elevated alkali content) in a fluidized-bed combustor. 
However, alumina grains are covered with a coating basically containing ash-related elements. High 
potassium content in the lowermost (primary) layer of the coating indicates a significant role of low-
melting-point potassium eutectics from fuel chars/ashes at the initial stage of coating growth. Noticeable 
levels of aluminum, calcium and magnesium in the outermost layer of the coating make the bed material 
to highly resist to bed agglomeration. The composition of the bed material and that of particulate matter 
undergo substantial changes with the operating time, mainly due to the chemical and physical interactions 
between the solids in the fluidized bed. A time-domain decrease of Al2O3 and an increase of SiO2 in the 
bed composition indicate a gradual reduction of the bed capability to withstand bed agglomeration.  
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